


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1952 


Thermodynamic charts for the combustion 
orocess in diesel cycles. 


Swiderski, Francis E. 


Monterey, California: U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/14722 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
sa Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 






mY ed 5 
, ’ 4p Stine® a) - 
7 i ° ‘ 7 mye Fer ere Pa ne 
. eee. ee , 


al 
bg s/ 
b LN ae 
‘ 
& 
. 
r 
- ‘ 
oo 
~ Y 
‘? 
" - - 
=) - - 
oe ed . ‘ _ 
_ “. - 
> — . fm ms i « 
’ - oo * +4 7 
- os ad ° oa) 
‘ . s< . - " - cy 


PROCESS IN DIESEL 


CYCLES 


F. BE. SWIDERSEKI 


COMBUSTION 


THERMODYNAMIC CHARTS FOR THE 





we 
L © bal Posigraduate School 
Monterey, California 


























PREFACE 


Though a number of thermodynamic charts for internal combustion 
procesees have been prepared in the past two decades, the project oy 
Lt. Williem F. Farrell, Jr, JEN, "fhermodynamic Chart for The 
Combustion Process in Diesel Cycles", was one of the first to cover 
the pressure, temperature and a typical fueliwair ratio of diesel cycles, 

This project presents thermodynamis charts of two diesel fueleair 
ratios, being assumed maximum and minimw ratios that would be used in 
diesel cycles, covering the temperatures and pressures used by 
Lt. Farrell in his project. Thus this is a continuation of the project 
averted by him. The ratios used will eneble the user to extrapolate 
or interpolate between the values used by the author and those of 
Lte Farrell. 

Of a neceseity, much of the written material is a repetition of 
the work done by Lt. Farrell. Mach of Lt, Farreil's work and methods 
have been checked. 

The enalysis anc computations neceesary for this project aad the 
construction of the thermedynemic charts wag mado during the period 


February, 1952 through June, 1952, by the author, 
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OHAPTER I] 
i#T RODUCT ION 


The large fraction cf combustion precesses cf interest to the 
engineer invelves burning of a hydrocarbon of fairly moderate 
volatility in air. For purposes of analysis by thermodynamic chart, 
an internal combustion engine cycle may be divided into (A) low 
temperature regions where chenical dissociation does not oesur, or 
negligible in importanoa, end (B) high temperature regions, reached 
in the combustion ef the fuel, where chemical dissocation may become 
of appreciable magnitude. 

Charte prepared by He Co Hotvtel, G. Ce Williams and 
Co N. Satterfield in 1949 (2), cover beth the abore regions fer the 
gasoline engine cycle, and are satisfactory for use with diovel engine 
eyoles in region (A}. They do not, however, cover the temporature 
reuge and pressure range of the diesel during combustion, ives, in 
region (8). 

The thermodynamic charts presented in this project cover the 
pressure and temperature renge of the combustion portion of the diesel, 
cycle for two limiting diesel fuel-eair ratios. They have been mnetructed 
on the seme material and temperature beses as charts fur gasoline engines 
in region (2B), and thue may be used in conjunction with charts represene 
ting the unburned mixture, a8 prepared by Hettel, Williams and Satterfield 
(2)e Values of equilibriwm constants and thermodynamic property values 
used here are consistent with those used by Hottel, Williems and 


Satterfield (2). 
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CHAPTER II 


BASIC CONSIDERATIONS AND DATA 


le Data Used 

it was suggested by Prefeseor D. Kavanaugh, of the Engineering 
School, of the United States Naval Postgraduate School, that the charts 
to be constructed have fueleair ratios belew and above the fueleair 
ratioa used by Lt. Parrell, The fellowing date was used; 

Fuel-Air Ratio; 0.77 (130% theoretical air). 

O.40 (250% theoretical air). 

Pressure Range: 800 purei. to 1500 po@sle 

Temperature Range: 3000° Rankine to 4600° Rankine. 
Ze Chemical Dissociation 

At the high temperatures reached in the combustion process of the 
diesel engine there may be many different molecular species present in 
varying amounts, due to chemical dissociation of the working fluid. 
The requirement of chemical equilibrium necessitates consideration of 
the effect of the species on the thermedynamic properties of the burned 
mixture. There are ten molecular species (Ne » Op» COg, Hy, NO, Gy CO, 
O, Hy, and H) prewent in sufficient quantity to require consideration in 
this development. In the course of this project, it was found that the 
effects of the minor apecies (NO, GH, CO, 0, Hg s H) were of definite 
importance in the temperature and pressure range used. In Pigure li. is 
showmm the effect of temperature on the relative magnitude of these 
species for one representative pressure for both fuel~air ratios, I+ 


ig spperent that the magnitudes of these minor spscies beceme appreciabls 
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a% the higher temperatures, and camot be neglected in computations, 
without resulting errer, Particularly is this true of the speclen NO 
and OH, which frequently are neglested in determinations of burned 
mixture composition. 
Se Ideal Gas Law 

Computations involving camposition of ths burned mixture together 
with critical pressures and temperatures of thse component speoiea 
indicate that the burned mixtures behave ag if their oritioal pressures 
and temperatures are approximately 30 atmospheres and 360° Rankine, 
respectively. At the elevated temperatures ef the chart deviations 
from the ideal gas lew are insignificant. Therefore, the chart is based 
on the equation of state for ideal pases. 
4. Fundementel Data 

The fundamental data required for salcoulation of these aharte ears; 
(a) equilibrium constants as functions of temperature, and (b) various 
heate of reaction, Tne author has accepted for his calculations tho 
same data on internal energies, enthalpies, entropies, end equiiibrius 
constents as did Hottel, Williams and Satterfield (2), and the computac 
tions of Lt. Farrell besed on tne above. The method of determining the 
changes in the thermodynamic properties for the chemical reaction in 
question is given in Appendix 1, page ZI; the method ef obtaining the 
actual equilibrium censtants used in the calculation of composition of 
combustion products in equilibrium et the various temperatures and 
pressures is deacribed briefly in Appendix I, page !9. 

Composition of air: On a bagis of 100 molee of dry air, a composie 


tion of 20.99 moles of oxygen and 79,01 moles of nitrogen was used. In 
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actuality, the nitrogen above haz minor components of argon, carbon 
dioxide, and hydrogen included, end night better ba oslled Adr-Nitregen. 
The abeve composition was use@ in calculating thermodynemic propertiee; 
but pure nitrogen was ueed in equilibrium caleuletions, whish mde but 
a negligible change in the ancunt of FO present. 

Composition of fuel: The fuel chosen was the hydroearven (CHy)., 
which has a hydrogen-carbon ratio considered adequately representative 
of diesel fuel. 

Other oonstantas 

le Gae Constant R= 1.987 c92,/°R, cramemle. 

2. Apparent Formule Mass of Air ~ 28.95 (which agress with the 

above air composition, ) 

3. Atomic masses from 1956 International Tables. 

4. Comuversion Facter: 1 atmosphere ~ 14.696 pssei. 

S&. Conversion Facter; 1 cal./gramemole = 1.90 BTU/lb.-mole. 

6. Conversion Factor: 1 lb.-mole burned mixture ~ 0,0024135 1b, 


of air. 
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CHAPTER Iii 


PROGEDURE 


le Analysis 

If definitel: fixed quantitier ef sarbon, hydrogen, oxygen end 
nitrogen are permitted to come into equilibrium, two of the properties 
of the resultant mixture may be fixed, snd wili be sufficient te suom- 
pletely define the composition of the mixture, end hence its therm 
dynemic properties, Pressure and temperature were the properties 
seleoted in this work, 

It waa considered that the chemical dissociation would produce 
combustion products containing the following moleculer species: No, On, 
CO, H,0, 00, Ho, H, OH, O amd NO. The relative magnitudes of these 
species, at the fixed fueleair ratio, depend on the pressure and teuperatures 
The method used to calculate these magnitudes at a semple pressure and 
temperature, using determined data on equilibrium scenstents, is shown in 
Appendix II. 

2. Material Basis 

fhe material basis of the chart is the quantity of material which 
containg nitrogen and oxygen equivalent to one pound of airs 
For complete combustion: 

(He )xt X (502 +3-76 ES] Nz)= X(COr+H20 + 5.64N2) 
For a fuel-alr ratio of 0.77, there are 1.95 moles of oxygen ani 7.4552 
moles of nitrogen, or 9.282 moles of air, for each Cy unit of fuel. The 
mass of air is (9.262) (28.95) ~ 268.714 pounds; the mass of fuel (1)(12) 2 
(2)({1.008) = 14.016 pounds. ‘The mass of fuel associated with one peund of 
air is then 0.05216 pounds. Fora fueleair ratio of 0.40, there are 5675 


moles of oxygen and 14.1 mcles of nitrogen, or 17.85 moles of air, for 
=ji= 
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each CHo unit of fuel, The mass of air is 14.016 pounds. The mass of fuel 
associated with one pound of air ix then .087125 pounds. The masse basis 
ig necessary for consistency »ecause the number of moles of combustion 
products varies at elevated temperatures with variation of any thermo~ 
dynamic property. 
3. Determination of Thermodynamic Propertios 

The temperature base for the chart was selected as 100°F. The 
values of internal energy and entropy, obtained from Table 6, Appendix A, 
Hottel, Williams, and Satterfield, (2) were converted to this tempsrae 
ture base as described and illustrated in Appendix I, To determine 
the internal energy of the combugtion products at each selected teapera~ 
ture and pressure, the procedure isto multiply the mele fraction of 
each molesulear species in the products, by its corresponding value of 
internal energy, corrected to proper tenpersature base, sum up tre se 
products for all ten species, and wonvert to the proper material basis 
for the chart; thus 

e mon + e ee Fc 

Ehtropy involves not only an additive factor similer to that shown 
above for internal energy, but also the entropy of mixing; that is, 
the entropy of the mixture is 

Smix > ra (fc Si- fe R Ln Pe) 

where Zc is the mole fraction of oach species, Sc is the molar entropy 
of each species at cne atmosphere pressure and cach temperaturs, 
corrected to the proper temperature base, R is the gas constant, and 
Pi is the partial presaure of the components, in atmospheres, and ais 
equals7; P , where F is the total pressure of the mixture in atmog~ 


pheress The entropy Sm}x is corrected to the proper material bare for 
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the chart. The enthalpy of the mixture is obtained from the thermo= 
dynamic relation 

mins Emin te We Emiae RT 
The volume at each pressure and temperature is obtained from the ideal 
gas laws: 

Vimix = SET /ae ae, 
where (2m) is the total moles of the mixture at each temperature and 
pressure, R is the gas constant (1548 BTU/°R. lb-mole) and qe is the 
total pressure in pounds per square inch. This volume ie then converted 
to the proper material basis of the chart. 
4. Description of Chart 

The thermodynamic properties represented on the chart are ae 
follows: 

(a) Temperature - | , degrees Rankine. Nearly horizontal solid 
lines at 200 degrees intervals. 

(>) Preasure - 4 , pounds per square inch. Diagonal solid lines 
at 100 pesei. intervals. 

(c) Volume = V , owbic fest per pound of original ai Diagonal 
dashed lines with greater slepe than the pressure lines, at 0.2 or Oof 
cubic foot intervals. 

(ad) Internal mmorgy ~ &, BIU per pound of original air. Ordinate 
of chart. 

(e) Entropy - 5, BTU/"Renkine per pound of original air. Abscise#a 
of charte 

(f) Enthealpy « H, BTU per pound of original air, Nearly horizontal 
dashed lines, superimposed on the cnart to eliminate the necessity of 


using the relation H ® E 4-Rf. 
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5. Method of Reading the Chart 

To illuetrete reading the chart let it be desired to determine 
the thermodynamics properties of the proiucte of combustion of one 
pound of air with (CH, ) x vapor at T 3600° Rankine ond p 1200 posei. 
The original mixture contains 150% excees air, Locate the intersection 
of the lined corresponding to the above temperature and pressure, and 
read direotly that the vwolume is 1.8 cubic feet; tha intemal energy 
is 682.1 BTU; the enthalpy is 947.2 BEUs and the entropy is 0.269 Bru/” 
Rankine, Interpolation between temperature and @mthalpy lines ie 
suvstentially linear, In actual cycle analysis employing the chart, 
the known thermodynamic propsrties will be more probably pressure and 
either internal energy or enthalpy, but the procedure in reading the 
chart remains the same, 
6. Use of the Charts 

The chart is designed for use in conjunction with diagrams 
representative of the unburned mixture existing prior to combustion, 
in analyzing Giesel cycles, Suoh diagrans have been prepared byHottel, 
Williams, and Satterfield, (2). The author’ scharte indicate the thermo 
dynamic properties of the burned mixture as a result of the combustion 
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; CHAPTER IV 


A DISCUSSION GF THE SYSTEM BELOW 3000" RANKINGS 


1. Basic Reyuiranents,. 

fo permit determination of the therncodynanic properties of the 
burned mixture ag a result of isentropic expansion te # point where 
the exhaust valve opens, a iow pressure-low temperature shart, of sub= 
stentially te same entropy limite as the mbher's chart, Ls required. 
The approximate tenperature ani preasurs renges for this chart are 
900° Renkine to 2900° Raniine, and 14.7 poseis to 190 p.sei. respectively. 
20 Frozen Equilibria. 

Chemical eqailibrium has been assumed to exist at al) temperatures 
abore 3000° Rankine, where the chemical reaction velocity ia quite 
high. However, when the gas mixture is rapdly cooled colow 3000° Rankine, 
the somposition is found to cerrespond to thet at some higher hemperas 
ture, at which the composition "froze". Considering that in diesel 
cycles an isentropic peth im closest to the actual path to the systen 
below 3000" Rankine, the preesure effect on composition wes taken into 
account by the asswnaption thet the composition of a mixture below 3005" 
Renkine, was that of the mixture at 3600° Rankine, at the same entropye 
Bxperimental validation ef this sssumption is quoted in Chapter V, 
Robinson (6), and is consistent, in thie temperature and pressure 
range, With the value of 2880° Rankine, used by Hottel, Williams, and 
Satterfield (2). 

3. Determination of Thermodynamic Propertiss, 
The composition of the burned mixture at 3000° Kenkine and at 


various pressures is determined as ehown in Appendix il. The entropy 
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of the mixture at 3000° Rankine and the above pressure is determined 

as described in paragraph & of Chapter III. As stated in paragrep i i 
above, the sompesition of the burned mixture at sny temperatures below 
3000° Rankine is thet of the mixture at 3000° Rankine at the sems 
entropy. Thus, selection of any temperuture T in this region fixes 

two thermodynarvic properties « temperature and entropy - anid these are 
sufficient to define the remaining thermodynamic properties of the 
mixture. The internal energy and enthalpy at sach temperatures T is 
then obtained in the manner described in paragraph $, Chapter III, using 
the mixture composition at 3600° Renkine at each mtrepy. To obtain 
pressure (p) and volume (V), the equations for the isentropic process 
by which this region is entered in the cycle, from the region above 
3000° Rankine, are used. These are, at any temperature T sand entropy Ss 
ges (ES)! and VeV, (B) 

where P3 and V5 are the pressure anc volume at Ty2 3000° Rankine, end 
k is the mean specific heat ratio between the temperature T and T,. 
Values of the se peoific heat ratio for the (CH). fuel wits 130% and 
260% air, at any temperature between 300° Rankine and 4000° Rankine , 
may be obtained from tavles in the Gas Tables (5), by interpolaticn end 
extrapolation. The method of obtaining the mean specifio heat ratio 
between any two temperatures, when the specific heat ratios at these 
limiting temperatures are known, is set forth in Kiefer, Stuart and 


Kinney (4). 
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The internal emergy of any specias at temperature T equeis Es +Qv 
where Es if the heat released by cooling the gas at constant volume 
te the temperature bass of the chart (200°F s 811°K) 5 and 4. is the 
heat of combustion of the gan at constant volume at 100°r, Es ia the 
value of E of the species at temperatare T minus the value of E of 
the species at 1OO°F, each obteined from Table 6, Appendix A, lottel, 
Williams, and Satterfield (2),Qy at 100°F is the heat evolwed in 
eocling the species, and oxygen requirad for combustion, dow to O°K, 
plus the heat of combustion at O°K (2 at O°*K im Table 6), less the hoat 

absorbed in heating the combustion products from O°XK to %12°K(100°F)- 

For the combustion of CO, the combustion equation is: 

C®+¢i@, —- co 
or one mole of speole CO reacts with one half mole of oxygen to form 
one mole of CO, as combustion products. From Table 6, Appendix A, 


Hgttel, Williams, and Satterfield (2), the following valuss wers 


obtained; 
For COg Eo’k = 65,769 For CO, 5 Esk. Eo = 1787 
FE 3600°R = 78,455 
Thens 
Es=E3cocte-E ak = 7848573757 » 4678 
Q = or= ° ° gil — 
er KK Eo Ba Eaux -Eo Bins a lE eek, | CO 
i Ere. — Fork | CO2 
Qy = (78767 ~ 66769) +2983 + 66769 » 1787 
= 72789 
E 3¢00%e = ==+ @y 


(1 


4676 + 72789 = 77467 calories/g-mole. 


The ebove ie the values shom in Table 2. 
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The value of enthalpy ja readily obtained frem the relation H iB +RT. 
Thue the enthalpy of CO at T= 8600°R is; 
Hacoo’r, = EH scos’e + 1.987 x 2000 


= 77867 + 8974 = 81442 calories/gemels 


TABLE IIE 


Molar Extropy (at one atmosphere pressure ) 


Species 3000" 3600° 4600° 
C0, 20166 23 2682 26.791 
4,9 15.9239 17.875 21) 5 6B 
AireK, 12.754 14.148 16,072 
05 13 4490 14.956 46,998 
co 12.924 14,538 164279 
a 12.061 190 507 15 6SG7 
Ki 8.54 Beeb 10 056 
OH 12 244) LS, 74 15.828 
WO 13.23 12.65 16.62 
0 8 eb4% 9228 10288 


The unite of the above are calories/gemle °K, or BTU/1b uole PR. 


The ralues show in the above table (Table III) were obteined from 
those in Table 6, Appendix A, Hottei, Williams, and Satterfield (2), 
merely by subtracting the entropy value at the temperature base of the 
chars (100°F $11°x) from the entropy corresponding to the tenp rature 


in question. 
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Thermodynemic Properties of Equilibrium Mixture of Combustion Products 


TABLE IV 


From Which Charte Were Con struoted: 


5000 


5600 
5600 
3600 
S600 
3600 
4500 


4590 


PSu 


800 
1200 
L509 


L008 
1209 
1400 
1509 
809 

1200 


130% AIR 


B 

BTU 
646.556 
546 .546 
546 2555 
712280 
711 627% 
711,004 
711.025 
7200997 
OT Er 820 
970 082 


968.867 


“230 


H 
BTU 
702 499 
752 476 
752 6487 
959 6210 
959.202 
959 4024 
955 956 


958 2928 


L28lse71a 
1278.918 


1277 .660 


8 
Bru/ 
ae6154 
a253882 
o81402 
oS L680) 
e30150 
025899 
027843 
027348 
039186 
86448 


034939 


V 
onefS. 
124647 
93764 
0 1812 
1.7579 
Le405S 
1ei7L9 
LeOORE 
» 9576 
22028 
104678 


Let P&h 








a 


ot ee ONS i li 


} 


4 


— y oo 
*etRSiibiaaaga 


ep RETGTGGLEt a: 


 edgaidadiiiz 
r ii 





SY 
-eeVEtTTTELL 
“jhigiiddedié 











ae ee | 





. 
* 
e 








250% AIR 


T P E H 8 ¥ 
om pse BTU BrU pru/ cust. 
8000 B00 522.589 728 » 525 224275 1.4287 
3000 1200 522.678 728.515 021558 29524 
8000 1500 522 .570 728 , 508 £20005 «7680 
3600 B00 682.240 930.719 024695 157115 
3600 1006 682.166 930.645 28166 1.3718 
3600 1200 682.098 930.577 »26916 1.1481 
3600 1400 682.056 930,537 «25859 «9798 
8600 1500 682.029 930.509 26389 09145 
4500 800 927.830 1236720 256928 2,14. 68 
4500 1200 925.784 1235.127 34206 164308 
4500 1500 925 440 1234.33] o52676 101446 


The material besis consitent with the above valuss ig one pound 


of dry sir (1/28.95 pound-mole), plus the corresponding fuel. 
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Method of Calculating Composition of Combustion Prodactw In Baul itorius 


The lerge number of molecular species present in the combustion 
equilibrium mixture makes it neceseary to organize the methed af 
Calculation to minimize trialeand«error, 

There are four kinds of atome present (C, H, 0, NW)» Those are 
distributed in ten species (C0), Hg, %, Hp 60, Hy, H, OH, NO, 0). 
Available in releting these species are the six chemical equi libriun 
equations shown in Table I, Appendix I. They are listed erain here for 
convenient reference, with the muaber of moles of @ach species heing 


represented by its — symbol in parenthesia; 
Eql Ki = "te Paro/r., py = 660128) /(600 (He) 


Eq2. Ks PNe no eae = (NOH2)/ (NalMex BE 
Ego” ‘38 Po. Pita /p2 (oa) CHE hu soy y 

Eq4 Ka= Rs ME. CO) Ha) A ay x % 

E@s Kes- hg Ya)! x Fe 

Boe Ker Pon Pisy = COMM, 4 XIE 


N 


iF 


M 


in the above, P is the total pressure in atmospheres, PoC is the 
partial pressure in atmospheres of each molecular species, and the symbol 
a represents the sum of the moles of all species prerent. 

As shown in Chapter III (4), with a fueleair ratio of 0.77, or 130% 
air, there are 1,95 moles of 05 anc 7,432 moles of No present, giving 
9.282 moles of air per mole of fuels with a fuelenir ratio ef) .4, or 2 50% 
air, there are 3,75 melas of Op md 14.1 moles of Hp present, giving 


17.85 moles of air per mole of fuel. If one mole of sarbon and of hydro# 


gen in the fuel in chosen as a basis, there are available the following 
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four equations satisfying tis material balance of the feur atong 
present (C, H, 0, N).e These equations are, on a mola basia, at 
equilibriwar 

Eq. @ (Coz ) EO } = |.006 

Eq. s CH2O) +H) +f, I) + (on)] = |.000 


Eq. 9 (CO,)+(O2)+ 4, [420 ) +c) +(OH) +(NO) + (0) | =— /5 


Eq. 10 (N2)+ SCNo)= 14.) 

The equations 1 to 10 inclusive give sufficient relatims to solve 
for the composition of the ten molecular species in the combustion 
produste. 

Procedure: The first step is to divide the ten species into major 
components (CO,, Hg®@, [%, Ny, CO and Hy), and minor components (1,0, NO, 
and OH) and to consider fer the first approximation of compesitien that 
only major components are present. Then equations 7 to 16 inclusive 
become : Eq 7A (C02) 4+-(CO) = |.000 

Eq. 84 (H20) + CH2) = 1.000 

Eq. 9A (COz)+(O2z) +h [ (H20) +(Co) ]= Sers 

Eq. IOAN (Nea)= 14.1 

E q. 1 $ = (Gem) + (H20) + (02) } CN2) + (CO2) +(H2) 

By judicious use of the above five equations together with equae 
tions 1 and 3, a first approximation of the muanber of moles of the 
major species present may be obtained. Then, using theses results, 
plus equations 2,4, 5 and 6, a first approximation of the minor apecies 
ia made. Thewlues of the minor species so cbteained are put onto the 
original four equations 7, 8, 9, and 10 ami these equations in turn 


solved in terns of the major anevises, A second approximation is now 
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carried cut, in precisely the same manner as the first approximation, 


ta give corrected valuez of the major speciss based upon the presence 


of minor species. Again values of the minor species are determined with 


the aid of equations 2, 4, 56 and 6. If the wsulte for all species 


satisfy equations 7, 8, 9, aud 10, the computation is completed; if not 2 
further approximations are carried through wtil these equations are 
perfectly satisfied. 


To illustrate the method, a sample calculation will be carried out, 
using representative values of temperature and pressure, 


T = 8000° q-= I2cops. P=81.65 atmospheres 260% air 
From Table I, Appendix I, at T= 3000° ©. 


K, = 54406 Kaz 3.981x10" 2° 
Ko = 9265x107 Kis 21s014x207* 
Kx 2s816x1072° K ¢= bs053x107° 
fs @. ul. (CO) CH20) - K, = 3.406 
(CO2a)C Ha) 


~|O | > 
Eq 3 (02)(H2)? Ks] 4] - |. 816 X10 | | 
(H20)% Or 
(Hz } =I, | 
——=— = |,.347X 16 2. 
(H20) Ve 
Adding equations 7A, 8A, aid 104A: 
Ee. ie Cea +(CO) +C H20) + ( H2) +(N2) = 6, | 
Eq. i Tea. | +'(One) 


Multiplying equation 9A by two and subtracting equation 7A, 
Ei, (4 (CO \ + (Gate +2062) =c.8 


=B8~ 
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ee ee 


Q.g = ( »®) S+ i cH ) + ( 202) 6) ga 
= a 


; : ~ ep oe 


From equation 10A 
CNo2)= 14.) 


L&T APPROXIMATION 


\, a 
(02) 2.25009 2.2500094 
$= IG, | + (Oz) [Eq 13) We, S5OO9 18.3 500094 
os (316635 3\6035 
PLO2) 
~ -5 
Wa) 347x105) 2 LE 4.3 42569xI0°° oat ie 
(H20) P (Oz) 
(H) -0000042569 000004257 
( H20) = |.060-(H2) [Eq 84) 999995743) 999995743 
oa) =6.5-2(02)-(H,0) LEq. 14 =ay -999985457 
(Ge) 2 |.Oo0-(CO, ) [Eq. 74] Acme 0060 14543 
Co)(H20) 
Soli t0} 3.406 Meg. i] ais 3 4a 
(CO2)(H2) 


Eq.5 CH) = (Ks): (Ha)? JB 


= 1.014 1074+ x ,900004257 [2 x -) 18.3590094 — 


8(.65 
= .90000060 992. 


= _(H20) <= 
Eq.@ ©H)=(Kke) (Ha) 7 J& 


= (5.053x10°5) (999995743) 5) 18. 3500094 
(.00000 4257) 


81.65 





=.00 11/6094 


= Ou 
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2518 
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BE OOORE B 8) K 
Ca iB 
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Sel 99990500 a 


i a = 


(s SRigere \"olxe2 o.a\= 
s\ivasp LOGE. \ 


PE ODi0O.= 


Eq 2 (No)= kK ee) :.Jje 
4 * ay) (Na)®.) & 
2 (9105 xio-8). 999995743. \q, 2 J ig ascoeea 


-000606 4257 a|.G38 


= .0383043 


Eo.4 (0) = neg, SS 
(H2) FP 
= (3.981x107"). 999995743. . 18.35000 94 


an 8\.6S 


-9060 2)015 


[is 


Substituting these values for the minor species in equations 


7, 8 9 and 103 
mem (G2)+ (Co j= lore 


Eq 8 (Hao) +(He)= booe- Ye ]lH)+0on) | 
= .999 41948 
E¢.9 (602) +(O2) es IC H20) +(co)] = 3.750 ~41 | Cow) +( NO) +(0)] 


= 397360249 


Eq. lo CN }= \4.1-+4 (no) 
= \¢4.080848 


Now, following the game procedure as befores 


Adding Eq. 7,8, and 103 
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E q. [2A (40, ) + (co) +CHao)+ CHa)+(Va)= 1@.0 802675 


Eq. \3A $ = 16.080 2675+.) 


Multiplying By. 9 by two and subtracting Base 7; 


Eg. lqA (Co2)+(hao) + 2(0a) = 6.4b 0494 


ZNO APPROXIMATION 


. a 
(02) 2,a30¢5 2.230543 
(@, 310807 18. 3108007 


42 16,060257+ (Cs) 


&. 317071 ee i 
P(o2) 





@a) >).3 ies me .. .42709X io 7 .42709KIie * 
Hero) 1+342x\0 a 

(Ha) .C0000 427 .0c000 $2)? 
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Again determining the minor species from Byes. 5, 6, 8 and 43 
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The values of these species have not changed from those obtained 
in the first approximation, to any extent, and henca all values satisfy 
equatione 7,8, 9 and 10; if they had not, a third spproximation would 
have been required, performed in the same manner as the above. 
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